Purpose: The aim of this study was to assess the association between human leukocyte antigen (HLA) variants and lamotrigine (LTG)-induced cutaneous adverse drug reactions (cARDs). Methods: A comprehensive literature search was conducted on the relationship of HLA alleles with LTG-induced cADRs in Asian populations, through PubMed, Embase, and Cochrane Library. The last search was in February 2018. The pooled odds ratio (OR) with 95% confidence interval (95% CI) was used to access the strength of the association between an HLA allele and LTG-induced cADRs. Results: A total of 11 studies met the inclusion criteria and were enrolled in our meta-analysis, which were based on Chinese, Korean, and Thai populations. Among these populations, we observed that HLA-B*1502 is a risk allele for LTG-induced Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN) in Chinese populations (pooled OR 2.4, 95% CI: 1.20-4.78, P = 0.01), HLA-A*2402 was found to be a significant risk allele for both SJS/TEN (pooled OR 3.50, 95% CI: 1.61-7.59, P = 0.002) and maculopapular eruption (MPE) (pooled OR 2.14, 95% CI: 1.10-4.16, P = 0.03), and HLA-B*3303 was considered to be a protective marker for MPE in Chinese and Korean populations (pooled OR 0.2, 95% CI 0.06-0.64, P = 0.007). Conclusions: In Asian populations, HLA-B*1502 is a risk factor for LTG-induced bullous lesions such as SJS/TEN in Chinese populations, and HLA-A*2402 is associated with the susceptibility to either SJS/TEN or MPE. HLA-A*3303 is a protective allele against LTG-induced MPE in Chinese and Korean populations.
Introduction
Aromatic antiepileptic drugs (AEDs), including carbamazepine (CBZ), oxcarbazepine (OXC), lamotrigine (LTG), and phenytoin (PHT), are among the most common causes of cutaneous adverse drug reactions (cADRs) because of their similar structure. The mortality rate of Stevens-Johnson syndrome (SJS)/toxic epidermal necrolysis (TEN) can be as high as 10% and 40%, respectively [1] , and aromatic AEDs are among the most common causes of severe cutaneous reactions [2] . cADRs are categorized into bullous and non-bullous skin lesions by pathogenesis [3] . Non-bullous skin lesions vary from mild maculopapular eruptions (MPE), with increasing severity, to hypersensitivity syndrome (HSS). SJS and TEN are bullous lesions. The mechanism underlying drug-induced SJS/TEN might differ from that of MPE/HSS, and researchers often discuss the association between SJS/TEN and MPE/HSS with the genes separately [3, 4] . The hapten model and the pharmacological-interaction model provide possible explanations of the process [5] . The hapten model concept indicates covalent binding of a drug or chemical to proteins, modifying the latter and rendering this newly generated complex to the specific major histocompatibility complex (MHC) molecule. MHC class I subsequently presents the complex to the CD8 + T cell, which activates cytotoxic T lymphocytes and natural killer T cells, resulting in secretion of granulysin and other cytotoxic proteins/chemokines that lead to the eruption of SJS/TEN [6] . Different from SJS/TEN, aromatic AEDs are presented to CD4 + T cells by MHC class II expressed on the surface of antigen-presenting cells [3] CD4 + T cells secrete IL-5、perforin and granzymes, which play a significant role in the pathogenesis of MPE [7] . In pharmacological-interaction concept, although a labile binding of the drug to the MHC-peptide complex which is easily removed by simple washing was found, T cell receptor(TCR) can interact with the drug-MHC complex with a high affinity and are capable of generating receptor-mediated signals [5] .
The variant allele HLA-B*1502 was found to be strongly associated with greater risk of SJS and TEN in patients treated with CBZ or OXC. The frequency of HLA alleles differs among races, and HLA-B*1502 is common in East Asians (6.9%) [8] Asian ancestry before initiating treatment with CBZ [9] . In addition, it was found that an increasing number of genetic polymorphisms in HLA genes predict CBZ induced cADRs in Asian countries [10, 11] . LTG and CBZ belong to the aromatic AEDs and each possesses an aromatic ring structure. Aromatic AEDs causing cADRs may have a similar pathogenesis while there is limited evidence of HLA alleles associated with LTG-induced cADRs due to small sample sizes which may contribute observed variatioins. Therefore, the aim of our meta-analysis is to systematically assess the association between HLA alleles with LTGinduced cADRs in the Asian populations.
Materials and methods

Data sources and literature searches
A comprehensive search of the literature in Embase, PubMed, and the Cochrane database of systematic reviews was carried out, from inception to February 24, 2018 . The search terms used were "human leukocyte antigen" OR "HLA Antigens" OR "Antigens, HLA" OR "HLA" AND "lamotrigine" OR "LTG" AND "Stevens-Johnson Syndrome" OR "SJS" OR "toxic epidermal necrolysis" OR "TEN" OR "maculopapular eruption" OR "maculopapular rash" OR "MPE" OR "hypersensitivity syndrome" OR "HSS". The language of studies was restricted to English. We further searched the references of the included articles to obtain other pertinent studies. Unpublished studies or articles without the fulltext available were not taken into consideration.
Inclusion and exclusion criteria
Studies meeting the following criteria were included. (1) The article explored the association between HLA alleles and LTG-induced cADRs categorized into the specific types (SJS/TEN, MPE, HSS, or DRESS); (2) the study had a case-control or cohort study design; (3) the article compared patients with LTG-induced cADRs to LTG-tolerant patients or the general population; and (4) the article presented sufficient data to calculate the frequency of a variant HLA allele among groups. The exclusion criteria is as follows: (1) case reports or case series, review articles, basic genetic research, and duplicate studies were excluded, (2) research based on non-Asian populations were excluded because the frequency of HLA alleles is of huge difference in Asian populations, Caucasians, and African populations, (3) patients are taking other drugs that can cause cADRs, such as CBZ, OXC, and PHT (Fig. 1). 
Data extraction and quality assessment
Two reviewers (YD, SL) independently extracted data, and discrepancies were resolved through group discussions or by seeking the consensus of a third reviewer. The date extracted included the following information: first author, publication year, race/ethnicity, study design, types of cADRs, data on detection of HLA variants in each patient and control, and HLA genotyping method. The HLA variants data were extracted for which the frequency data were available in at least two studies. Finally, a meta-analysis was performed to evaluate the association between five HLA variants among patients showing cADRs and controls showing cADRs. The HLA variants included two spanning HLA-A loci (2402, 3303) and three spanning HLA-B loci (1502, 4001, 5801).
According to the clinical outcome presented in the selected articles, bullous and non-bullous cADRs were analyzed separately because their pathomechanism was different. SJS and TEN were analyzed together because they were thought to be variants of the bullous cADRs. MPE and HSS belong to the non-bullous cADRs. The Newcastle-Ottawa Scale (NOS) was used to assess the quality of included articles based on the following three aspects: selection, comparability, and exposure or outcome [12] .
Statistical analysis
All the analyses were carried out using RevMan 5.3 software (Cochrane Collaboration, Copenhagen, Denmark). The overall odds ratios (ORs) with corresponding 95% confidence intervals (CIs) were calculated to identify the association between the presence of HLA variant in at least one allele and several types of LTG-induced cADRs. The frequency data were converted to the number of carrier patients with special variant HLA loci present in at least one allele. Forest plots were used to visualize meta-analysis results. Heterogeneity was tested by chi square-based Cochran's Q-statistics and I 2 metric statistics. If no heterogeneity was presented, fixed-effects models were used to analyze the data. The significance of pooled ORs was calculated using the Z value. Sensitivity analysis was carried out by removing one study at a time and weighing the impact of excluded studies by calculating the pooled ORs of those left. Due to the insufficient number of studies, the funnel plots could hardly assess publication bias, so we used the fail-safe number with significance set at 0.05 (Nfs 0.05) for each meta-analysis.
Results
A total of 174 records were identified after searching the database, and the literature selection process is presented in Fig. 1 . 11 articles that met the inclusion criteria were included. The characteristics of the studies included are shown in Table 1 . All are case-control studies based on Asian populations, and comprise of 73 LTG-induced SJS/TEN patients, 144 LTG-induced MPE patients and 426 LTG-tolerant patients. The diagnostic criteria of SJS/TEN is based on clinical morphology defined by Roujeau and Stern [1] , and MPE is the lesion characterized by cutaneous fine pink macules which usually fade within 1-2 weeks following cessation of drug treatment [3] . We used NOS to assess the quality of the studies, with a limit of > 5.
Association between HLA-B*1502 and lamotrigine-induced cADRs
A total of 54 LTG-induced SJS/TEN cases and 313 controls were included in the 7 studies. Six studies that examined HLA-B*1502 with LTG-induced MPE were selected. The standard forest plot is shown in Fig. 2 . No obvious heterogeneity existed (I 2 = 0 and P = 0.8, I 2 = 39%
and P = 0.14). The fixed-effects model was selected to calculate the pooled ORs and 95% CIs. HLA-B*1502 was detected in 15 of 54 LTGinduced SJS/TEN cases, and 41 of 313 controls, We detected a significant association of HLA-B*1502 with LTG-induced SJS/TEN (pooled OR 2.4, 95% CI: 1.20-4.78, P = 0.01). Among the LTG-induced MPE studies, there were 165 cases and 274 tolerant controls. 19 of 165 were carriers of the allele and 35 were carriers out of 274 LTG-tolerant controls. In total, there was no significant association between the patients carrying HLA-B*1502 and the process of LTG-induced MPE (OR: 1.07, 95% CI: 0.59-1.95, P = 0.82). HLA-B*1502 was found to be a risk allele for LTG-induced SJS/TEN but when tested was not significantly associated with LTG-induced MPE.
Association between HLA-A*2402 and lamotrigine-induced cADRs
For HLA-A*2402, 40 cases and 131 LTG-tolerant controls of 2 studies were selected for meta-analysis of LTG-induced SJS/TEN, and 28 cases and 28 LTG-tolerant controls for LTG-induced MPE. Fig. 3 shows the pooled ORs. Fig. 3 shows the pooled ORs. No significant heterogeneity existed (I 2 = 0 and P = 0.49, I 2 = 4% and P = 0.31), and we used the fixed-effects model to analyze the data. The carrier frequency of the cases (21/40) in LTG-SJS/TEN was greater than in the LTG-tolerant controls (27/131). For LTG-MPE cases, the carrier frequency was 28/76, whereas it was 28/131 in controls. Overall, HLA-A*2402 was found to be a significant risk allele for both SJS/TEN (pooled OR: 3.50, 95% CI: 1.61-7.59, P = 0.002) and MPE (pooled OR 2.14, 95% CI: 1.10-4.16, P = 0.03).
Association between HLA-B*3303 and lamotrigine-induced MPE
The data of 3 studies were selected to be extracted for analysis of the association between HLA-B*3303 and LTG-induced MPE; heterogeneity was found to arise (P = 0.0007, I = 86%). No heterogeneity was detected by exclusion of the Thai population, using the fixed-effects model (I 2 : 0%, P = 0.75). The forest plot is shown in Fig. 4 . 64 patients in LTGinduced MPE cases and 73 controls carried the allele, so there was a trend of higher carrier rate of HLA-B*3303 in LTG-tolerant controls. The pooled OR was 0.2 (95% CI: 0.06-0.64, P = 0.007), which indicated that HLA-B*3303 was a protective allele.
Association between HLA-B*5801 and lamotrigine-induced MPE
75 cases and 101 LTG-tolerant cases were extracted from 3 studies. The relationship between HLA-B*5801 and LTG-induced MPE is shown in Fig. 5 . Heterogeneity was minimal (I2 = 0) and was not significant (P = 0.75), and the fixed-effects model was used. The carrier rate of HLA-B*5801 was 8/75 and the tolerant controls were 11/101. The allele does not implicate a significant correlation with LTG-MPE (OR 1.03, 95% CI: 0.39-2.72, P = 0.95).
Sensitivity analysis
To examine the robustness of the results, we carried out the sensitivity analysis by removing one study or studies belonging to a specific ethnicity each time and cal-culating the pooled ORs of the remaining studies. The fixed-effects models were used to pool the data (Table 3) . We observed that the exclusion of Chinese subgroups led to loss of significance when pooled with the remaining studies investigating the association between HLA-B*1502 and LTG-induced SJS/ TEN (OR 2.90, 95% CI: 0.63-13.45, P = 0.17). It indicated that HLA-B*1502 was a stronger risk factor among Chinese populations than among other Asian ethnicities for suscepti-bility to SJS/TEN. None of the individual studies influenced the pooled ORs when studying the susceptibility of HLA-B*5801, indicating that the result was robu-st. For HLA-A*3303, exclusion of the Thai population led to loss of heterogeneity (I 2 : 0%), indicating such heterogeneity probably arose from ethnic difference in various location of the Northern Hemisphere; and it was indicated the frequency of HLA-A*3303 in Korean and Chinese populations is similar (http://www.allelefrequencies.net/), As a result, HLA-A*3303 was thought to be a protective allele in Korean and Chinese populations.
Publication bias
Nfs0.05 was used to explore the publication bias for the insufficient number of included studies; the results shown in Table 2 suggest that the associations were reliable. Table 1 Characteristics of studies included in the meta-analysis. 
Discussion
In our meta-analysis, we found HLA-B*1502 correlates with LTGinduced SJS/TEN in the Chinese populations. HLA-A*2402 is associated with the susceptibility to both SJS/TEN and MPE. HLA-A*3303 is a protective allele in the Chinese and Korean populations. Contrary to previous findings, there is no significant difference in the frequency of subjects with the HLA-B*1502 allele between both SJS/TEN and controls [13, 14] . HLA-B*1502 is a risk factor for LTG-induced bullous lesions including SJS or TEN, but it is not statistically associated with non-bullous lesions such as MPE. The odds ratio for LTG-induced SJS/ TEN in HLA-B*1502 carriers is 2.4 times that in LTG-tolerant controls. Contrary to the observation indicating HLA-B*3303 is a risk allele for MPE in Thai populations [15] , our review suggests that it is a protective factor for MPE because of the low frequency of expression in Chinese and Korean patients. HLA-B*5801 was found to have a strong association with allopurinol-induced HSS and SJS/TEN in the Chinese and European populations [16, 17] . Li revealed that HLA-B*5801 might be a protective allele against CBZ-induced MPE [18] . In our meta-analysis, there is no statistical significance between HLA-B*5801 and LTG-MPE. For HLA-A*2402, Shi et al. demonstrated that the allele is a major risk factor in LTG-induced SJS/TEN but does not have significant associations with MPE [19] . Moon indicated that higher frequencies of HLA-A*2402 increases susceptibility to MPE [20] . Kim found that the allele is not statistically significant in association with SJS/TEN [21] . Our meta-analysis confirmed an increased susceptibility to both bullous and non-bullous cADRs in Chinese and Korean populations carrying HLA-A*2402. The OR for SJS or TEN cases in HLA-A*2402 carriers is 3.50 times that of tolerant controls. For MPE or HSS cases, it is 2.14 times that of matched controls. A lower carrier rate of HLA-B*4001 was noted in CBZ-induced cADRs cases in the present study, compared with CBZtolerant controls. Kwan found there is no significant correlation between HLA-B*4001 and LTG-induced SJS/TEN [22] . Due to the lack of data, the analysis of HLA-B*4001 cannot be carried out, and further investigation is needed.
The finding in this updated meta-analysis for the correlation between HLA-B*1502 and LTG-induced SJS/TEN is statistically significant. However, we observed that HLA-B*1502 has no significant association with LTG-induced MPE, which might accord with the different immunopathogenesis of those reactions. MPE is caused by skininfiltrating CD4 + T cells, which secrete IL-5, perforin, and granzymes, whereas SJS/TEN belong to the bullous reactions caused by cytotoxic CD8 + T cells [6, 7] . The HLA-B allele can elicit immune responses by presenting endogenous antigens to the drug. The metabolites in turn bond with peptides which are then presented by the HLA-B allele and recognized by CD8 + T cells [6] . MHC class II genes were reported to be involved in the pathogenesis of MPE/HSS. However, HLA-A*3101 allele belonging to MHC class I genes was considered to be correlated with MPE, which disagrees with the observation that MHC class II genes were involved in the process [23] . One possible explanation is that genes associated with MPE lied in the vicinity of the HLA-A loci, which is in linkage disequilibrium with HLA-A*3101 [3] . HLA-A*2402 belonging to MHC class I genes in the meta-analysis is also found to be associated with LTG-induced MPE, indicating the pathogenesis remains unclear. In recent years, in silico analysis was applied and indicated the details of the molecular behavior of HLA-B alleles in the pathogenesis of SJS/TEN; the evidence of significant association was found between CBZ-induced SJS and HLA-B75 molecules [24] . Moreover, the specific HLA class II haplotypes were found to be protective alleles against systemic disease by regulating cytokine responses [25] . The mechanism of HLA class I or II as protective allele against cADRs is not fully understood, requiring further exploration in the future.
This meta-analysis had several limitations. First, the sample size of most studies was small, and this might reduce the statistical power to detect associations. Second, our data were extracted from published studies, and preexisting publication bias would affect our results. Last, more studies are needed with different ethnicities in Asian populations in the future.
Conclusion
The meta-analysis revealed that HLA-B*1502 is a risk allele for LTGinduced SJS/TEN in Chinese populations. HLA-A*2402 is statistically associated with the susceptibility to either SJS/TEN or MPE. HLA-A*3303 was considered a protective allele against LTG-induced MPE in Korean and Chinese populations. Large-size samples in future studies are needed to validate our findings further and confirm the involvement of associated HLA alleles with LTG-induced cADRs in Asian populations.
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